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Following  from  the  recently  evolved  concept  of  significantly  improving  the  photovoltaic  efficiency  in 
dye-sensitized  solar  cells  (DSSCs)  by  reducing  the  loss  of  electrons  on  the  spherical  surface  of  titanium 
dioxide,  this  study  examines  the  synthesis  of  cubic  TiC^  with  a  special  morphology  to  overcome  this 
electron  loss  and  investigates  its  application  to  DSSCs.  Cubic  TiC^  is  synthesized  by  an  advanced  rapid 
hydrothermal  method,  with  the  addition  of  an  amine  species  additive.  Transmission  electron  microscopy 
(TEM)  images  confirm  the  cubic  shape  of  the  Ti02  particles  with  a  diameter  less  than  5-10  nm.  Using 
N719  dye  under  illumination  with  lOOmWcrrr2  simulated  sunlight,  the  application  of  cubic  TiC>2  to 
DSSCs  affords  an  energy  conversion  efficiency  of  approximately  9.77%  (4.0-p.m  thick  TiC>2  film),  which 
is  considerably  enhanced  compared  with  that  achieved  using  a  commercial,  spherical  TiC>2.  Electrostatic 
force  microscopy  (EFM)  and  impedance  analyses  reveal  that  the  electrons  are  transferred  more  rapidly 
to  the  surface  of  a  cubic  TiC>2  film  than  on  a  spherical  TiC^  film. 

©  201 1  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Dye-sensitized  solar  cells  (DSSCs)  have  been  investigated  exten¬ 
sively  due  to  their  inherent  attractive  advantages  of  low  cost,  less 
toxic  manufacturing,  easy  scale-up,  light  weight,  and  use  of  flex¬ 
ible  panels  compared  with  silicon  and  inorganic,  thin-film  solar 
cells  with  conventional  p-n  junction  devices  [1-5].  DSSCs  consist 
of  a  fluorine-doped  Sn02  electrode,  titanium  dioxide  (Ti02)  film,  a 
sensitizing  dye,  electrolyte,  and  a  counter  electrode.  When  a  light 
photon  is  absorbed  by  a  dye  molecule,  it  excites  the  electrons  in 
the  highest  occupied  molecular  orbital  (HOMO)  to  an  electronically 
excited  state,  i.e.,  the  lowest  unoccupied  molecular  orbital  (LUMO). 
The  excited  dye  molecule  injects  an  electron  into  the  conducting 
band  of  the  Ti02  film,  and  the  oxidized  dye  is  restored  by  electron 
donation  from  reducing  ions  in  the  electrolyte,  usually  an  organic 
solvent  containing  a  redox  system.  The  donated  electron  is  in  turn 
regenerated  by  the  reduction  of  conjugated  ions  in  the  electrolyte. 
The  circuit  is  completed  by  electron  migration  through  an  external 
load. 

Nanocrystalline  Ti02  materials  have  been  studied  extensively 
because  of  their  interesting  physical  and  chemical  properties: 
in  particular  their  redox  reaction  surface.  Following  the  first 
report  of  the  DSSC  principle  by  Graetzel  [6],  the  cell  has  been 
rapidly  developed  with  pure  [7-11]  or  metal-incorporated  Ti02 
[12-14].  Additionally,  mesoporous  Ti02  has  an  optical  efficiency 
that  is  approximately  0.5-1. 0%  higher  than  that  of  the  existing 
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nanoparticles  [15-18].  Lin  et  al.  [19]  reported  that  compared  with 
Ti02  nanoparticles/Ti-based  DSSCs,  conical-shaped  anodic  Ti02- 
nanotubes/Ti-based  DSSCs  showed  enhanced  light-harvesting 
efficiency,  rapid  electron-transport  rate,  prolonged  electron  life¬ 
time,  and  reduced  dark  current  -  properties  lead  to  an  efficiency 
increment  of  30%.  Other  semiconducting  materials,  such  as  nano¬ 
sized  Sn  and  Zn  oxides  with  a  slightly  higher  band  gap  than  pure 
Ti02,  which  can  improve  the  electron  donating/accepting  capability 
between  the  semiconductor  and  the  LUMO  energy  levels  of  the  dye, 
have  been  examined,  but  some  performance  degradation  has  been 
reported  [20,21].  Therefore,  the  search  for  superior  metal  oxides 
will  continue. 

In  DSSC  research,  the  bulk  morphology  is  based  on  the  type  of 
additive.  Wu  et  al.  [22]  reported  attaining  a  6.2%  photoelectric  con¬ 
version  efficiency  from  a  DSSC  with  rod-like  anatase,  compared 
with  a  5.4%  efficiency  from  a  DSSC  with  ball-like  anatase.  Lee  et  al. 
[23]  found  that  the  open-circuit  voltage  ( V0c)  of  the  DSSC  increased 
as  the  weight  percentage  of  the  Ti  nanotube  was  increased  to  an 
optimum  value  of  about  5.0  wt%.  Park  et  al.  [24]  also  reported 
increased  short-circuit  photocurrent  (Jsc)  and  open-circuit  photo 
voltage,  and  significantly  improved  the  conversion  efficiency  in  a 
cell  using  plant  oil  binders.  Lee  et  al.  [25]  examined  the  influence 
of  different  Ti02  morphologies  and  solvents  on  the  photovoltaic 
performance  of  DSSCs.  The  authors  attributed  this  influence  to  the 
effect  solvents  on  the  bulk  morphology  of  the  Ti02  thick  film.  Zhang 
et  al.  [26]  applied  different  film  thicknesses  to  DSSC  and  obtained 
an  overall  light-to-electricity  conversion  efficiency  of  2.91%  at  a 
thickness  of  2.0  p,m.  Remarkably,  no  structural  morphology  study 
has  yet  been  reported  for  Ti02.  In  the  present  study,  therefore,  an 
attempt  is  made  to  control  the  Ti02  morphology  in  the  synthesis 
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(A)  Expected  crystal  growth  mechanism  of  spherical  Ti02 
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(B)  Expected  crystal  growth  mechanism  of  cubic  Ti02 
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Fig.  1.  Expected  crystal  growth  mechanism  of  (A)  spherical  and  (B)  cubic  Ti02  fabricated  by  hydrothermal  method. 


steps  by  focusing  on  its  electron  transfer  ability.  To  enhance  the 
photovoltaic  efficiency,  the  electrons  transferred  from  the  LUMO 
of  the  dye  molecules  should  be  easily  accepted  and  donated  on 
the  external  surface  of  the  Ti02  film.  The  loss  of  electrons  on  the 
spherical  surface  oftheTi02  nanoparticles  limits  this  enhancement. 
A  cubic  Ti02  film  that  has  been  well  arranged  by  self  assembly 
is  expected  to  facilitate  the  rapid  movement  of  electrons  on  its 
surface,  and  their  subsequent  return  to  a  fluorine-doped  tin  oxide¬ 
conducting  electrode  without  electron  loss,  thereby  increasing  the 
energy  conversion  efficiency. 

Therefore,  this  study  focuses  on  the  preparation  of  nano- 
structured,  cubic  Ti02  films  for  DSSCs  to  enhance  the  photovoltaic 
efficiency.  The  cubic  Ti02  is  synthesized  using  an  advanced,  rapid 
hydrothermal  method  with  special  amine  additives,  and  then 
characterized  by  X-ray  diffraction  (XRD),  transmission  electron 
microscopy  (TEM),  FT-Raman  spectroscopy,  X-ray  photon  spec¬ 
troscopy  (XPS),  photoluminescence  (PL),  UV-visible  spectra,  and 
electrostatic  force  microscopy  (EFM)  analysis.  The  photovoltaic 
performance  of  the  cubic  Ti02/dye  (N719)  solar  cell  is  evaluated 
from  the  overall  conversion  efficiency,  fill  factor  (FF),  V0c  and  Jsc. 
Additionally,  the  efficiency  is  compared  with  that  of  a  spherical 
Ti02  sample  prepared  by  a  conventional  hydrothermal  method. 

2.  Experimental 

2A.  Preparation  of  cubic  Ti02 

Nano-structured,  cubic  Ti02  was  prepared  using  an  advanced 
rapid  hydrothermal  method  [27,28].  To  prepare  the  sol  mixture, 
1.0  mol  titanium  tetraisopropoxide  (TTIP,  99.95%,  Junsei  Chemical, 
Tokyo,  Japan)  was  added  as  the  titanium  precursor  to  1.0  L  of  dis¬ 
tilled  water  as  the  solvent.  To  depress  the  condensation  reaction 
at  the  terminal  groups,  0.1  mol  of  tetraethyl  ammonium  hydroxide 
as  a  blocking  template  was  added  to  the  former  solution,  which 
was  then  stirred  for  2  h.  During  this  stirring,  the  concentration  of 


tetraethyl  ammonium  hydroxide  had  to  be  controlled  for  complete 
blocking  of  the  terminal  groups  of  titanium.  The  TTIP  and  template 
were  hydrolyzed  via  the  OH  group  during  thermal  treatment  at 
200  °C  for  1  h  with  about  10.0  atm  under  an  nitrogen  environment. 
As  shown  in  Fig.  1 ,  the  condensation  reaction  with  H20  elimination 
generally  induces  a  combination  between  each  titanium  hydroxide. 
During  this  reaction,  the  condensation  reaction  continues  in  the 
absence  of  any  blocking  molecules  like  amine  groups.  The  result¬ 
ing  nucleation  can  grow  in  all  directions  without  any  restrictions, 
leading  naturally  to  a  final  spherical  shape.  The  presence  of  blocking 
molecules,  however,  induces  a  selective  and  competitive  condensa¬ 
tion  reaction  at  the  terminals  of  the  titanium  hydroxide  complexes, 
resulting  in  a  cubic  shape.  Due  to  the  complexity  of  the  synthesis 
method,  cubic  Ti02  has  not  yet  been  synthesized  for  application  to 
DSSCs.  Fortunately  we  were  able  to  successfully  obtain  the  cubic 
Ti02  shape.  After  thermal  treatment,  the  resulting  precipitate  is 
washed  until  the  pH  =  7.0  and  then  dried  at  1 00  °C  for  24  h. 

2.2.  Characterization  of  cubic  Ti02 

The  synthesized  cubic  Ti02  powders  were  examined  by  XRD 
(Rigaku,  D/MAX-1200)  with  nickel-filtered  CuKa  radiation  (30  kV, 
30  mA)  at  20  angles  that  ranged  from  5°  to  70°  at  scan  speed  of 
10°  min-1  and  a  time  constant  of  1  s.  The  sizes  and  shapes  of  the 
cubic  Ti02  particles  were  measured  by  high-resolution  TEM  (H- 
7600,  Hitachi,  Japan)  operated  at  1201<V. 

Raman  spectra  were  acquired  using  an  RFS  100/S  FT  Raman 
spectrometer.  The  wavenumber  values  reported  from  the  spectra 
were  accurate  to  within  2.0  cm-1 .  The  emission  line  at  532  nm  from 
the  Argon-Laser  (Nicolet  Almega  XR,  Thermo  Scientific,  USA)  was 
focused  on  the  sample  under  a  microscope  and  a  ~l-|jim  diameter 
spot  was  analyzed.  The  power  of  the  incident  beam  on  the  sample 
was  1 0  mW. 

XPS  (Cooperative  Center  to  Research  Facilities,  Sungkyunkwan 
University  Instrumental  Analysis  Center,  Korea)  measurements  of 
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Ti2p  and  01s  were  recorded  with  an  ESCA  2000  (VZ  MicroTech, 
Oxford,  UK)  system,  equipped  with  a  non-monochromatic  AlKa 
(1486.6  eV)  X-ray  source.  The  base  pressure  of  the  ESCA  system 
was  below  1  x  10-9  Pa. 

The  reflectance  UV-visible  spectra  were  obtained  using  a  Cary 
500  spectrometer  with  a  reflectance  sphere  over  the  spectral  range 
of  200-800  nm.  Samples  of  1 .0-mm  pellets  were  measured  at  room 
temperature. 

PL  spectroscopy  (Research  Institute  of  Basic  Sciences,  Sunchon 
National  University,  Korea)  was  also  performed  to  determine  the 
number  of  photo-excited  electron-hole  pairs  using  a  PL  mapping 
system  (LabRam  HR,  Sci-Tech  Instruments),  and  to  examine  the 
number  of  photo-excited  electron-hole  pairs  for  all  samples.  Sam¬ 
ples  of  1.0-mm  pellets  were  measured  at  room  temperature  using 
a  He-Cd  laser  source  at  325  nm  in  the  reflection  mode. 

A.C.  impedance  measurements  were  performed  with  a 
potentiostat-galvanostat  equipped  with  a  CompactStat  electro¬ 
chemical  interface  from  IVIUM  technology  under  constant  light 
illumination  of  lOOmWcm-2.  Impedance  measurements  were 
taken  at  frequencies  between  0.1  and  100  kHz  with  an  a.c.  signal  of 
1 0  mV  amplitude.  The  applied  bias  voltage  and  a.c.  amplitude  were 
set  at  the  Voc  of  the  DSSCs.  One  sun  illumination  was  obtained  from 
a  100W  xenon  lamp. 

The  surface  states  and  electric  properties  of  the  Ti02  film  were 
determined  by  EFM  analysis  (resolution;  0.1  nm(X-Y),  0.01  nm  (Z), 
Veeco  Co.). 

2.3.  Manufacture  of  dye-sensitized  solar  cell  (DSSC) 

To  prepare  the  cubic  Ti02  thin  film,  a  slurry  was  produced 
by  mixing  1.0  g  of  nano-sized,  cubic  Ti02  powders  with  lOmL  of 
butyl  alcohol  solvent  after  sonication  for  24  h  at  1200W.  A  Ti02 
film  was  fabricated  by  coating  on  to  a  fluorine-doped  Sn02  con¬ 
ducting  glass  plate  (Hartford  FTO,  ~30  C2  cm-2,  80%  transmittance 
in  visible  region)  using  a  squeeze  printing  technique  (approxi¬ 
mately  4.0  |jim  Ti02  thickness).  The  film  was  treated  by  heating 
at  450  °C  for  30  min  to  remove  the  alcoholic  solvent.  For  DSSC 
manufacture,  the  prepared  thin  film  electrode  was  immersed  in 
a  3.0  x  10-4M  N719  dye  solution  at  room  temperature  for  24h, 
rinsed  with  anhydrous  ethanol,  and  then  dried.  A  Pt-coated  FTO 
electrode  was  placed  over  the  dye-adsorbed  cubic  Ti02  electrode, 
and  the  edges  of  the  cell  were  sealed  with  a  sealing  sheet  (PECHM- 
1,  Mitsui-DuPont  Poly  Chemical).  The  redox  electrolyte  consisted 
of  0.5  mol  KI,  0.05  mol  I2,  and  0.5  mol  4-tert-butylpyridine  as  a 
solvent.  The  photocurrent-voltage  (/-V)  curves  were  used  to  calcu¬ 
late  the  Jsc,  Voc,  FF,  and  overall  conversion  efficiency  of  each  DSSC. 
The  /-V  curves  (ABET  Technology,  Sun2000  solar  simulator)  were 
measured  under  white  light  irradiation  from  a  xenon  lamp  (max. 
150W,  Newport).  The  incident  light  intensity  and  active  cell  area 
are  lOOmWcnrr2  and  0.42  (0.7  x  0.6) cm2,  respectively. 

3.  Results  and  discussion 

3.1.  Characteristics  of  cubic  Ti02 

The  HRTEM  image  (left)  and  selected  area  electron  diffraction 
(SAED)  pattern  (right)  of  cubic  Ti02  and  TEM  images  of  the  two 
Ti02  particle  shapes  are  shown  in  Fig.  2.  The  fringe  spacing  parallel 
to  the  nanocube  is  estimated  to  be  0.283  nm,  which  is  close  to  the 
[101]  lattice  spacing  of  anatase  Ti02,  and  therefore  indicates  that 
the  crystal  growth  occurs  preferentially  in  the  [101]  direction.  The 
electron  diffraction  pattern  of  the  right  image  in  Fig.  2  A  recorded  on 
the  regularly  located  nanocubes  exhibits  diffraction  rings,  thereby 
revealing  that  the  nanocubes  are  polycrystalline  and  can  be  read¬ 
ily  indexed  as  the  Ti02  phase.  The  relatively  uniform  mixture  of 


rhombic  and  cubic  particles  exhibited  in  (a)  of  Fig.  2B,  with  sizes 
ranging  from  1 0  to  20  nm,  is  a  general  form  of  Ti02 .  When  tetraethyl 
ammonium  hydroxide  is  added  as  a  blocking  molecule,  however, 
the  particles  completely  form  a  cubic  shape  with  the  same  size  as 
shown  in  (b)  and  (c)  in  Fig.  2B. 

The  XRD  patterns  of  the  two  types  of  Ti02,  namely,  cubic  and 
irregular  spherical  powders,  are  presented  in  Fig.  3.  The  Ti02  parti¬ 
cles  have  a  pure  anatase  structure  without  being  thermally  treated 
above  500  °C.  The  anatase  structure  showed  peaks  at  20  =  25.3°, 
38.0°,  48.2°,  54°,  63°  and  68°,  which  are  assigned  to  the  (di  o i ), 
{doo4\  {d2 oo).  {d\  05)*  (d2n),  and  (d204)  planes,  respectively  [29]. 
Despite  the  different  shapes,  no  peaks  are  assigned  to  impurities. 
The  peak  intensity  at  20  =  25.3°  assigned  to  the  anatase  [101]  plane 
in  pure  Ti02  increases  significantly  and  is  shifted  downfield  in  the 
cubic  Ti02,  compared  with  its  spherical  counterpart.  This  result  is 
well  matched  to  the  HRTEM  result  shown  in  Fig.  2,  in  which  the 
crystal  is  found  to  grow  preferentially  in  the  [101]  direction.  Addi¬ 
tional  peaks  of  [1  0  5]  and  [211]  are  completely  divided  in  cubic 
Ti02  compared  with  those  for  spherical  Ti02.  These  sharp  edges 
are  attributed  to  the  depression  of  crystal  growth.  Scherrer’s  equa¬ 
tion  [30],  t  =  0.9X113  cos  0,  where  A  is  the  wavelength  of  the  incident 
X-rays,  the  full  width  at  half  maximum  height  in  radians,  and  0 
the  diffraction  angle,  was  used  to  estimate  the  crystalline  domain 
size.  This  value  was  14  and  16nm  for  spherical  and  cubic  Ti02, 
respectively. 

For  Raman  spectroscopy,  a  laser  was  directed  at  the  sample. 
The  energy  difference  between  the  incident  and  reflected  beams, 
usually  measured  in  wavenumbers,  corresponds  to  the  change  in 
molecular  vibration  within  the  sample.  Characteristic  bond  vibra¬ 
tions  allow  identification  of  the  chemical  and  crystal  states  of  the 
sample.  In  particular,  Raman  spectroscopy  has  been  extensively 
used  to  study  the  Ti02  Td  structure.  The  application  of  this  tech¬ 
nique  here  is  valuable  due  to  its  ability  to  determine  rapidly  the 
surface  crystal  structure  of  Ti02.  Fig.  4  compares  the  Raman  spec¬ 
tra  of  spherical  and  cubic  Ti02.  Some  researchers  have  investigated 
the  Raman  spectra  of  anatase  Ti02,  and  recorded  the  reference 
Raman  spectra  of  the  powders  of  Ti02  Td  structure  (bonds  at  639, 
519,  513,  399,  197,  and  144cm-1)  [31,32].  In  general,  the  band 
sharpness  agrees  well  with  the  crystallinity.  The  primitive  unit  cell 
contains  two  Ti02  Td  formula  units.  Factor  group  analysis  indicates 
the  presence  of  optical  modes  with  the  following  irreducible  repre¬ 
sentation  of  normal  vibrations:  1  Aig  +  A2u  +  2Big  + 1  B2u  +  3Eg  +  3EU. 
The  modes  of  Aig,  Big,  and  Eg  are  Raman  active,  whereas  those  of 
A2u  and  Eu  are  infrared  active.  In  Fig.  4,  cubic  Ti02  exhibits  sharper 
special  bands  than  the  spherical  version.  In  particular,  the  band  of 
Eg  at  144  cm-1  is  shifted  downfield,  and  this  is  attributed  to  crystal 
growth  in  the  [101]  plane  and  agrees  well  with  XRD  analysis. 

Typical  high-resolution,  quantitative  XPS  spectra  of  spherical 
and  cubic  Ti02  are  presented  in  Fig.  5.  The  survey  spectra  of  the 
particles  contain  Ti2p  and  Ols  peaks.  The  Ti2p!/2  and  Ti2p3/2  spin- 
orbital  splitting  photoelectrons  for  the  two  samples  are  located  at 
the  binding  energies  of  464  and  458  eV  [33,34],  respectively.  In 
general,  a  large  binding  energy  indicates  a  more  oxidized  state. 
For  cubic  Ti02,  the  curves  are  slightly  shifted  to  a  lower  binding 
energy,  indicating  that  the  Ti  oxidation  state  is  slightly  changed  by 
the  crystal  morphology  and,  hence,  that  the  Ti-0  bonding  strength 
is  weaker  in  cubic  Ti02  according  to  the  hard  soft  acid  base  (HSAB) 
rule,  thereby  resulting  in  easier  electron  flow.  Generally,  the  Ols 
region  consists  of  several  contributions.  The  main  contributions  are 
attributed  to  Ti-0  (529.0  eV),  Ti-OH  (hydroxyl  group,  532.0  eV),  and 
adsorbed  H20  (534.0  eV)  in  Ti02.  The  Gaussian  values  are  used  in 
the  curve  resolution  of  the  individual  Ols  peaks.  The  only  spec¬ 
trum  observed  in  cubic  Ti02  is  the  first  peak  at  529.5  eV,  which  is 
assigned  to  Ti-O.  The  spherical  shape,  however,  has  an  additional 
second  peak  at  532.0  eV,  which  is  assigned  to  Ti-OH.  As  in  Ti2p,  the 
Ols  peak  is  also  shifted  to  a  lower  binding  energy  in  cubic  Ti02. 
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(A)  HRTEM  (left)  and  SAED  pattern  (right)  of  cubic  Ti02 


(a)  Irregular  spherical  Ti02  (b)  Cubic  Ti02  (c)  Cubic  Ti02  in  another  area 

(B)  TEM  images  of  spherical  and  cubic  Ti02 


Fig.  2.  TEM  images  of  spherical  and  cubic  Ti02:  (A)  HRTEM  image  (left)  and  SAED  pattern  (right)  of  cubic  Ti02;  (B)  TEM  images  of  spherical  and  cubic  Ti02. 
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Fig.  3.  XRD  patterns  of  spherical  and  cubic  Ti02. 


Fig.  4.  FT-Raman  spectra  of  spherical  and  cubic  Ti02. 
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Fig.  5.  XPS  spectra  of  spherical  and  cubic  Ti02. 


3.2.  Photovoltaic  performance  of  cubic  Ti02 

The  photoelectric  properties  were  measured  using  a  voltmeter 
and  ampere  meter  (Model  2000,  Keithley)  with  a  variable  load.  A 
150-W  illuminant  Xenon  lamp  was  employed  as  a  radiation  source 
at  an  AM-1.5  radiation  angle.  The  light  intensities  are  measured 
using  a  power  analyzer  and  a  thermal  smart-sensor.  The  FF  and 
solar  energy  conversion  efficiency  (rj)  are  calculated  by  Eqs.  ( 1 )  and 
(2),  respectively  [35,36]. 

T-.T-.  fmax  x  ^max 


r]  (%)  =  -jj— -  x  100  =  /max  x  -75—  x  100  =  /sc  x  Voc  x  FF  (2) 

Mn  Mn 

The  I-V  curves  of  the  two  Ti02  particle  shapes  synthesized  using 
a  hydrothermal  method  are  given  in  Fig.  6.  The  film  depth  is  close 
to  4.0  |jim,  as  shown  in  the  right  photo.  The  FF,  Voc,7sc,  and  over¬ 
all  energy  efficiency  are  determined  using  the  equations  shown 
above.  A  DSSC  assembled  with  spherical  Ti02  exhibited  a  V0c  of 
0.70  and  a  Jsc  of  15.84  mA  cm-2.  The  power  conversion  efficiency 
of  the  spherical  Ti02  anatase  structure  (6.0-p.m  film  thickness)  is 
7.09%,  compared  with  9.77%  in  the  DSSC  made  from  the  cubic  Ti02 
film,  with  a  Jsc  density  of  20.83  mA  cm-2.  This  result  confirmed  the 
superiority  of  cubic  Ti02  over  spherical  Ti02  for  application  as  a 
DSSC  material. 

3.3.  Optical  properties  of  cubic  Ti02 

The  UV-visible  spectra  of  the  two  Ti02  particle  shapes  were 
obtained  to  determine  the  relationship  between  the  solar  energy 
conversion  efficiency  and  the  spectroscopic  property,  as  shown 
in  Fig.  7 A.  The  absorption  band  for  the  tetrahedral  symmetry 
of  Ti4+  normally  appears  at  approximately  350-380  nm,  and  is 
assigned  to  ligand  (p-orbital)  to  metal  (d-orbital)  charge  trans¬ 
fer.  The  band  gaps  in  a  semiconductor  material  are  closely  related 


to  the  wavelength  range  absorbed,  where  the  band  gap  decreases 
with  increasing  absorption  wavelength.  The  absorption  bands  are 
slightly  larger  in  spherical  Ti02  than  in  cubic  Ti02.  A  remark¬ 
able  feature  is  the  broadened  tail  in  the  cubic  Ti02,  due  to  d 
(T2g)-d  (Eg)  transfer  when  an  electron  exists  in  the  d-orbital  of 
Ti3+.  Fig.  7B  shows  the  PL  spectra  of  the  two  Ti02  particle  shapes. 
The  curve  suggests  that  the  electrons  in  the  valence  band  are 
transferred  to  the  conduction  band,  after  which  the  excited  elec¬ 
trons  are  stabilized  by  photoemission.  In  general,  the  PL  intensity 
increases  with  increasing  number  of  emitted  electrons  resulting 
from  recombination  between  excited  electrons  and  holes,  and  a 
consequent  decrease  in  photoactivity  [37,38].  Therefore,  there  is 
a  strong  relationship  between  the  PL  intensity  and  photoactiv¬ 
ity.  In  particular,  the  PL  intensity  decreases  to  a  greater  extent 
when  a  metal  can  capture  excited  electrons  or  exhibit  conductiv¬ 
ity,  which  is  known  as  the  relaxation  process.  The  PL  curves  of 
the  two  Ti02  particle  shapes  exhibit  yellow  emission  at  565  nm. 
The  band  broadening  is  attributed  to  the  overlapped  emission 
from  the  higher  and  lower  excited  states  to  the  ground  states. 
The  PL  intensity  decreases  significantly  in  cubic  Ti02,  due  to  the 
effect  of  its  clean  surface  in  facilitating  electron  transfer  and 
hence  depressing  the  recombination  process.  Consequently,  eas¬ 
ier  electron  transfer  activities  are  expected  on  the  surface  of  cubic 
Ti02. 

All  the  impedance  spectra  shown  in  Fig.  8  illustrated  three  semi¬ 
circles  in  the  measured  frequency  range  of  0.1-1 00  kFIz.  Notably, 
Rs,  the  ohmic  serial  resistance,  is  associated  with  the  series  resis¬ 
tance  of  the  electrolytes  and  electric  contacts  in  the  DSSCs.  Rl, 
the  charge-transfer  resistance,  occurs  at  the  Pt  counter  elec¬ 
trode.  R2  and  R3  have  been  associated  with  the  resistance  at  the 
Ti02 1  dye  |  electrolyte  interface  and  the  Nernstian  diffusion  within 
the  electrolytes,  respectively  [39,40].  All  the  measured  impedance 
data  for  the  two  types  DSSCs  are  also  included  in  the  Table  below 
Fig.  8  and  the  values  are  adjusted  to  a  zero  value  for  Rs.  Spherical 
Ti02-DSSC  appears  to  exhibit  a  total  resistance  in  the  current  path 


4148 


J.  Chae,  M.  Kang  /  Journal  of  Power  Sources  196(2011 )  4143-4151 


(b)  Cubic  Ti02 


(a)  Spherical  Ti02 
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Fig.  6.  Solar  energy  conversion  efficiency  of  DSSCs  fabricated  with  spherical  and  cubic  Ti02  and  film  thickness  of  cubic  Ti02. 


across  the  device  that  is  higher  than  in  the  cubic  Ti02-DSSC.  In  addi¬ 
tion,  the  trend  of  changes  for  Rs  is  the  same  in  both  DSSCs,  whereas 
R1 ,  R2  and  R3  vary  greatly  between  the  two  types  of  DSSC.  Notably, 
R2,  which  is  the  resistance  at  the  Ti02| dye  [electrolyte  interface,  is 
markedly  more  decreased  in  a  cell  that  is  assembled  with  cubic 
Ti02  than  with  spherical  Ti02.  This  confirms  the  ease  of  electron 
transfer  over  the  surface  of  Ti02,  the  increased  electron  flow  and, 


therefore,  the  enhanced  photocurrent  and  powder  efficiency  of  the 
DSSC  with  cubic  Ti02. 

The  analytical  EFM  method  was  used  to  determine  whether  a 
flat  electrode  surface  improves  the  electron  mobility.  Typically, 
the  presence  of  a  conductor  and  non-conductor  within  a  nano- 
leveled  film  in  the  visual  image  can  be  distinguished  by  atomic 
force  microscopy  (AFM)  using  the  modified  EFM  image.  The  power 


A  UV-visible  spectra  of  two  shaped  Ti02  B  Photoluminescence  curves  of  two  shaped  Ti02 


Fig.  7.  UV-visible  and  PL  spectra  of  spherical  and  cubic  Ti02:  (A)  UV-visible  spectra  and  (B)  PL  curves  of  two  Ti02  particle  shapes. 
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_ Rl _ ^2 _ R3 

Spherical  Ti02  16.31  20.50  8.85 

Cubic  Ti02  14.55  13.54  11.85 


Fig.  8.  Electrochemical  impedance  spectra  of  DSSCs  assembled  with  spherical  and 
cubic  Ti02. 


strength  between  the  samples  is  measured  while  traversing  the 
voltage  to  the  AFM  tip  bias.  The  presence  of  conducting  and 
non-conducting  areas  in  the  sample  can  be  determined  from  the 
responses  of  the  AFM  tip  [41  ].  The  phase  changes  periodically  with 
the  tip  vibrating  power  cycle  (charge,  magnetic,  etc.).  Consequently, 
the  differences  between  the  conducting  and  non-conducting  sur¬ 
faces  are  indicated  by  the  amplitude  and  phase  changes,  and  the 
change  in  width  is  expressed  as  the  contrast  of  the  average  sur¬ 
face  roughness  (Ra)  values  indicated  in  the  image.  This  value  in  the 
phase  is  represented  by  the  electrostatic  field  gradient.  Therefore, 
the  Ra  value  increases  markedly  when  tips  with  specific  current 
paths  are  used.  The  Ra  value  can  be  determined  indirectly  by  chang¬ 
ing  the  tip,  and  directly  by  next  Eq.  (3)  [42,43].  Tier e,/(x,  y)  is  the 
surface  relative  to  the  center  plane,  and  Lx  and  Ly  are  the  dimensions 
of  the  surface. 

nix  rLy 

Ra=—  /  /  \f^y)\dxdy  (3) 

LxLy  Jo  Jo 

The  EFM  images  of  the  two  Ti02  particle  shape  films  with  a 
N719  dye  in  darkroom  (B)  and  light  (C)  conditions  are  shown  in 
Fig.  9.  At  a  voltage  of  3.0  eV  and  a  film  thickness  of  2.0  [xm,  the 
phase  change  does  not  exceed  a  maximum  of  3.0°  in  either  sample. 
The  phase  difference  is  the  difference  in  electrostatic  force  between 
the  phases,  thereby  inducing  the  phase  brightness  [44].  Generally  a 
bright  image  indicates  the  charge  flow.  The  brightness  is  increased 
under  light  conditions  in  both  samples  compared  with  that  found 
in  a  darkroom.  The  cubic  Ti02  film  shows  a  more  significant  result 
under  light  conditions  than  does  spherical  Ti02.  The  Table  at  the 


(A)  AFM 


(B)  EFM  (C)  EFM 

under  dark  condition  under  light  condition 


Sample 

Darkroom  (Ra) 

under  the  light  (Ra) 

Ra-gap 

Spherical  Ti02 

0.546° 

0.836° 

0.290° 

Cubic  Ti02 

0.410° 

0.874° 

0.464° 

Fig.  9.  Images  of  AFM  and  EFM  analyses  of  spherical  and  cubic  Ti02  under  dark  and  light  conditions:  (A)  AFM,  (B)  EFM  under  dark  condition,  and  (C)  EFM  under  light  condition. 
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(A)  Electron  transfer  on  the  surface  of  spherical  Ti02 


Fig.  10.  Expectation  models  of  electron  transfer  on  surface  of  (A)  spherical  and  (B)  cubic  Ti02. 


bottom  of  the  Fig.  9  lists  the  Ra  values  of  the  two  Ti02  particle 
shape  films  upon  dye  absorption  in  the  darkroom  and  in  the  light. 
The  cubic  Ti02/dye  film  does  not  differ  significantly  from  the  spher¬ 
ical  Ti02/dye  film  under  dark  conditions,  but  has  a  Ra  value  that  is 
0.464°  higher  than  that  found  under  light  conditions.  This  confirms 
the  high  mobility  of  the  electrons  flowing  on  the  surface  of  the  cubic 
Ti02  film. 

4.  Conclusions 

The  key  achievement  of  this  study  is  the  successful  synthesis 
of  cubic  Ti02.  Based  on  the  characteristics,  of  this  material,  two 
models  are  suggested  in  Fig.  1 0  to  explain  the  effect  of  the  morpho¬ 
logical  shape  of  anatase  on  the  high-energy  conversion  efficiency. 
EFM  and  cell  impedance  analyses  reveal  that  a  flat  Ti02  surface 
with  a  cubic  shape  can  easily  donate  electrons  received  from  the 
LUMO  of  the  dye  molecules  to  the  FTO  electrode.  Fig.  10B  shows 
the  energy  levels  of  all  DSSC  compositions.  The  light  absorbed  by 
a  dye  molecule  excites  the  electrons  in  the  HOMO  to  an  electroni¬ 
cally  excited  state,  LUMO,  after  which  they  were  transferred  to  the 
conduction  band  of  Ti02  and  finally  to  the  conducting  electrode 
of  FTO  glass.  On  the  spherical  Ti02  surface  shown  in  Fig.  10A,  the 
passage  of  electrons  received  from  the  dye  molecules  through  the 
surface  is  assumed  to  be  difficult,  thereby  decreasing  the  number 
of  transferred  electrons  and  reducing  the  photovoltaic  efficiency. 
On  the  other  hand,  the  flat  surface  of  cubic  Ti02  shown  in  Fig.  10B 
enables  the  electrons  received  from  the  dye  molecules  to  pass  eas¬ 
ily  through  the  surface,  which  increases  the  number  of  transferred 
electrons  because  the  photovoltaic  efficiency  improves  due  to  the 
absence  of  any  electron  loss.  These  results  confirm  the  importance 
of  the  crystal  morphology  for  smooth  electron  movement  and  the 
potential  to  improve  the  photon  conversion  efficiency  in  DSSCs  by 
controlling  this  morphology. 
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